Introduction
Among chalcogenides compounds, lead sulfide (PbS) is a IV-VI semiconductor with cubic structure having a direct narrow band gap of 0.41 eV at 300 K, which finds their extensive application in detectors. The spectral region of IR response covers typically 1-3 μm range; making it suitable for infrared applications. This material has also been used in many fields such as photography and solar absorption. Some specific applications include photo resistors, diode lasers, humidity monitors, temperature sensors, and solar control coatings.
An electrical contact is the interface between the current carrying members of electronic devices that assure the continuity of electric circuit. The primary purpose of an electrical connection is to allow the uninterrupted passage of electrical current across the contact interface. It is clear that this can only be achieved if a good metal to semiconductor contact is established. Selection of a contact material depends on various factors like electrical conductivity, work function, electron affinity, resistance to environmental attack, degree of tarnish and ease of processing.
In present work, gold was selected with thin buffer layer of aluminum as contact materials for PbS semiconductor thin film. The contacts were deposited by thermal evaporation technique. After deposition, the contacts were thermally treated at various temperatures and characterized by using scanning electron microscope (SEM), X-ray diffraction and current-voltage (I-V) testing.
Design of Metal-Semiconductor Contact
Semiconductor devices, must make contact with the outside world. The contact is made through non-rectifying (ohmic) or rectifying (Schottky) metal-semiconductor junctions. An ohmic contact is a low-resistance junction providing current conduction in both directions, contrarily a Schottky contact generates a conduction barrier between semiconductor and metal junction, which is analogous to a p-n junction [1] . The ideal energy-band diagram for a particular metal and n-type semiconductor before making contact is shown in Fig. la . The vacuum level is used as a reference energy level. The parameter φ m is the metal work function (measured in eV), φ s is the semiconductor work function, and χ is known as the electron affinity. If we assume that φ m > φ s then the ideal thermal-equilibrium metalsemiconductor energy-band diagram, such a situation is shown in Fig. lb . Before contact, the Fermi level in the semiconductor was above that in the metal. In order for the Fermi level to become a constant through the system in thermal equilibrium, electrons from the semiconductor flow into the lower energy states in the metal. Positively charged donor atoms remain in the semiconductor, creating a space charge region. The parameter Eφ BO is the ideal barrier height of the semiconductor contact: the potential barrier seen by electrons in the metal trying to move into the semiconductor. This barrier is known as the Schotty burrier and is given by [2] :
Eq. 1 was used to calculate the barrier height for PbS-metal Schottky contact for the preset study. It was found in literature that the electron affinity of PbS is 3.92 eV [3] . To make a Schottky contact; a metal having work function higher than 3.92 eV was required. Therefore, gold was selected as the contact materials owing to the facts that its ease to thermal evaporation, very high corrosion resistance, low tarnishing rate, and high electrical conductance [4] . It has work function of 5.1 eV, which can yield a Schottky barrier height up to 1.18 eV.
The semiconductor PbS has face centered cubic (fcc) structure with 5.931A˚ lattice parameter. Albeit, gold is also fcc in nature but its lattice parameter is 4.079 A˚, which makes a much higher difference in the lattice size that will exist at the interface between PbS and Au. Thin films having higher differences in the lattice parameters usually generate localized stresses in the interface; resulting in localized cracking, high degree of strain and high dislocation density, which may reduce the functionality of electrical contact. Therefore, a buffer layer was suggested between PbS and Au to reduce such unwanted stresses. Pure aluminum has fcc structure with a lattice parameter of 4.649 A˚; therefore a 10 nm layer of aluminum was suggested between PbS and Au films.
tungsten. The glass substrates coated with PbS film were mounted on the specimen holder along with appropriate mask (Fig. 2a) . A vacuum of 4.5x10 -6 mbar and substrate temperature of 100 ˚C were maintained in the chamber during the coating. First, a 10 nm thin coating of aluminum was deposited followed by 200 nm thick coating of gold as shown in Fig. 2b . The substrates were rotated at constant revolution of 10 rpm during the coating process to reduce the shadowing effects of the mask.
Thermally evaporated coatings generally accompany residual stresses, which may cause spalling and/or cracking of the films. To eliminate such stresses, a thermal annealing treatment was carried out after the coating without breaking the vacuum. The substrate temperature was gradually raised to 200 ˚C in two equal intervals i.e. 50 ˚C for 30 minutes. Once the annealing temperature was achieved; the substrates were held for two hours followed by slow cooling at the rate of 5 ˚C/min to room temperature. I-V Characteristics. Analysis of I-V characteristics of the Schottky junction allows us to understand different aspects of current transport phenomenon. Therefore, the junction parameters such as ideality factor (n) and saturation current (I s ) were calculated from I-V characteristics curves of the junctions. All the test were conducted at 25 ˚C and 35 % relative humidity. The IV testing setup comprised of two high precision digital volt and ampere meters with a precision digitally controlled power supply. During the tests, the voltage across the chip was increased gradually from 0-10,000x10 -3 volts, whereas the current drawn was from 0-1.2x10 -6 amperes. The PbS-Au chips were treated thermally at 110 ˚C for different durations i.e. 0, 30, 150 and 210 minutes and then subjected to IV characterization.
Results and Discussion
PbS Film. SEM analysis showed the morphology and grain size distribution of PbS crystals in the film. The grains had pyramidal shape with a rather compact surface, as seen in Fig. 3a . The average grain size was sub-micron (i.e. 150 -450). The deposited PbS films were uniform in nature and had fewer defects like pin-holes, blisters, and discontinues in isolated regions; particularly at the edges of the film. The XRD pattern, of the deposited PbS films, was measured by using a "JEOL JDX-9C" parallel beam X-ray diffractometer and is shown in Fig. 3b . The pattern revealed polycrystalline structure and all the diffraction peaks were indexed to face centered cubic structure of PbS compound i.e. Electrical Contacts. As mentioned earlier that the electrical contacts were deposited using thermal evaporation technique. The uniformity and consistency in the deposited layer is preferentially required for substantial electrical characteristics. In Fig. 4 , an SEM micrograph is showing the deposited gold film at the top of PbS layer with a buffer layer of aluminum. It could be seen that the gold film is consistent and adherent to the PbS film and glass substrate. At higher magnification uniformity of the film is accompanied by some agglomerates as well. I-V Characteristics. The superimposed graphs of the I-V testing for the PbS-Au coated chips treated at various temperatures is shown in Fig. 5a . It was observed that the curve, in case of as deposited (0 min.) chip, was lower in current values besides its non-uniform trace. In fact the graph was discontinuous and appeared in steps, whereas the thermal treatments not only removed the stepping features of the curves but also increased the saturation currents with increasing treatment time. Albeit, the increase in saturation and uniformity of the curves were rapidly changed up to 150 minutes with treatment time but it became steady afterwards; a very feeble change was observed at 210 minutes treatment.
The ideality factor (n) of the respective curves was calculated using following equation [6] : The saturation current was determined by drawing the tangential line in the linear section of the individual curves, where the ordinate of the graph was plotted at natural log scale.
It was observed that the ideality factor of the contact was ameliorated from 12 to 2.2; representing a net improvement more than 85 % [7, 8] . Similarly, the saturation current was also increased from 0.3 x10 -6 to 1.3x10 -6 , which is almost four times improvement. The higher values of ideality factor were probably due to the potential drop in the interfacial layer and the recombination current through the interfacial states between the semiconductor/metal layers. The other reason for higher values of ideality factor "n" could be attributed to the inhomogeneous barrier height, which became homogeneous with thermal treatments resulting in lowered n values from 12 to 2.2 [3, 9] .
In either case of untreated or treated specimens; the ideality factor remained higher than unity i.e., an indicator of non-ideal behavior of the device, which suggested the transport mechanism(s), other than just thermionic, were probably present in the junctions, which may include:
− the oxide layer grown on the semiconductor, suggesting that the potential barriers at real metal-semiconductor interfaces depends much more the applied voltage than predicted ideal contacts. − and/or the effect of series resistance due to the presence of an interfacial oxide layer.
Conclusions
• Gold contacts with aluminum buffer layer were successfully deposited on PbS thin films.
• The gold contacts were uniform and adherent to PbS and glass surfaces.
• The ideality factor of the contact increased to >85% after the treatment of 210 minutes at 110 ˚C, while the saturation current was increased four times at the same treatment.
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